When real robot manipulators are mathematically modeled, uncertainties are not avoidable. The uncertainties are often nonlinear and time varying. The uncertain factors come from imperfect knowledge of system parameters, payload change, friction, external disturbance and etc. We proposed a class of robust hybrid position/force control of manipulators and provided the stability analysis in the previous work. In the work, we propose a class of adaptive robust hybrid position/force control of manipulators with bound estimation and the stability based on Lyapunov function is presented. Especially, this controller does not need the information of uncertainty bound. The simulation results are provided to show the effectiveness of the algorithm.
Introduction
For a robot manipulator during contact tasks, such as grinding, deburring and mechanical assembly, the endeffector of robot manipulator is required to keep contact with the environment and to apply certain amount of work to the workpiece. To ensure positioning accuracy and to avoid damaging either the end-effector or the workpiece, it is necessary to simultaneously control both the motion of the end-effector and the force that the manipulator endeffector exerts on the workpiece. To accomplish these tasks efficiently and accurately, a variety of manipulator controllers have been developed. Among them, most commercial robots use simple PD or PID control scheme. Surprisingly, these control schemes may asymptotically stabilize the robot in the sense of Lyapunov and satisfactory performance may also be accomplished for low-speed motion. However, for high-speed motion the coupling effects due to centrifugal, coriolis and gravity terms become active and the PD or PID controllers are no longer acceptable. Also, it's difficult to do the correct modeling between robot manipulator and environment. Namely, the dynamics of robot manipulator include uncertainty such as incor-rect parameter, friction, varying payload and disturbances and etc.
The robust approach is to solve this problem as uncertainties are introduced in a model and the controller can achieve the desired properties in spite of the imperfect modeling. The deterministic robust control design of manipulators can be found in, e.g., Chen (1) , Chen and Pandey (2) , Reithmeier and Leitman (3) , Shoureshi et al. (4) , Han (5) , (6) , and their bibliographies (7) , (8) . In the previous work (6) , we proposed a class of robust hybrid position/force control of robot manipulator and analyzed the stability. In more general case, to achieve the work which the information of uncertainties bound is lack, we propose a robust hybrid position/force control with adaptive algorithm and analyze the stability in sense of Lyapunov. The adaptive algorithm estimates the bound of uncertainties and the robust control uses the bound estimation.
The simulation results of 4-axis SCARA type robot are provided to show the effectiveness of the proposed algorithm.
Robot Dynamic
The joint coordinate model of the m-link robot manipulator is derived from the Newton-Euler equations, which can be written as: To do contact task, we need the dynamic equation of cartesian coordinate. The Jacobian J(q) between the cartesian and the joint coordinate is given bẏ
By substituting (2) into (1), we have
Remark 1.
The inertia matrix M x (q) is symmetric and positive definite. The nonlinear term C x (q,q) in (3) can be suitably chosen such thatṀ x − 2C x (q,q) is skew-symmetric. The f x (q,q,t) include the torque that is occurred by structure, non-structure uncertainty such as friction and disturbance.
Standard notations are adopted with vector norms being euclidean. Matrix norms are then the corresponding induces ones. Thus, for a real matrix M, M = λ min (M T M), where λ max (·)(λ min (·)) is the maximum (minimum) eigen value of the given matrix.
Robust Hybrid Position/Force Control
In this section, we refer to the robust hybrid position/force control by previous work (6) . The hybrid position/force control is used for tracking the position and the force trajectories simultaneously. The basic concept is to decouple the position and the force control problems into subtasks via a task space formulation (9) , (10) . The number of position control direction is k and the n-k number is force control direction.
To achieve both the position and the force, we use the new variable.
k ei is the equivalent stiffness of i-axis transform and x i0 is a twinkle position where the robot end-effector come in contact with environment.
Briefly, (4) can be written as
The robust hybrid position/force control is given as
The robust term p(q,q,β,t) can be written as
The function Φ includes uncertain factors and the known function ρ is designed more than Φ.
β: Uncertain bound By the above control law, the robot systems with uncertainty have the global practical stability (6) .
Adaptive Robust Hybrid Position/Force Control
The robust hybrid position/force control needs the information of uncertainty bound. But in many case, it's difficult to know these bound information. In this paper, we propose a class of the adaptive robust hybrid position/force control with bound estimation. β is the bound of uncertainty andβ is the bound estimation value.
The bound function ρ satisfies the following assumption 1.
1 Assumption 1
For each (q,q,t) ∈ R m ×R, the ρ(q,q,·,t) : R s → R + function is C 1 and concave, i.e. (9) ρ(q,q,β
The adaptive robust hybrid position/force control is given by τ x (q,q,β,t) =M xK
The adaptive algorithm of bound β is written bẏ
where, N, L is positive definite matrix and ν is a design factor. By using the adaptive robust hybrid position/force control, we analyze the fact that the system (3) satisfies the stability; practical stability or global uniform attractivity (1) , (2), (12) .
2 Definition 1. Practical stability for robot manipulators
I consider a robust stabilizing control τ x (q,q,β,t) (proved the pre-study (5)) and p(q,q,β,t) that satisfies Assumption 1. If the system (3) is subject to the control τ x (q,q,β,t) withβ given in (12) , then there exists a constant d > 0 such that the closed-loop system (15) has the following properties. 
This definition is the loose property of the asymptotic stability. Namely, this practical stability is what the trajectory of all states does not diverge but is maintained inside the ball round a circle center point in finite time.
Using the proof method of Corless and Leitmann (13) , we will show that the system (3) has a practical stability. Namely, the derivative of Lyapunov candidate function does always have a negative value beyond a ball which a circle center position is zero.
Lyapunov candidate function V is selected as
The derivative of V is written bẏ
From (3) and (11), the following equation are derived.
Substituting (18) into (17) yieldṡ
From (19), the Eq. (A) can be written by
From (19), the Eq. (B) can be given by
Substituting (20), (21) into (19) and using the property ofṀ x − 2C x , (19) is written aṡ
By using Φ(q,q,t) (9), (22) is written bẏ
To avoid a complication of equation, (23) is divided byV
e {p(q,q,β,t) − p(q,q,β,t)} (26)
From the previous work (6) ,V 1 is given as
As the value of µ ,V 2 is analyzed by. Firstly, in case µ ≥ ε, (6) is adoptedV 2 and we select a = 2 ė + S e > 0. If the function ρ is concave thenV 2 is given aṡ
In general, the environment stiffness satisfies k e ≥ 1.
Therefore, whether −a(β−β) T ∂ρ T ∂β (q,q,β,t) is positive or not, the above equation satisfies the followinġ
Secondly, in case µ < ε, (6) is adoptedV 2 and a = 2 ė + S e 2 /ε > 0 is selected. If the function ρ is concave then the function ρ 2 is also concave. ThereforeV 2 is given aṡ
T ∂β (q,q,β,t)
As we unite (28), (29), (30) and (27), we have
From (31), (32) and (12),V is divided by two classes. Firstly, if there is µ ≥ ε, thenV is given bẏ
According to the β ,V is divided by three classes. Firstly, if there is β < ν thenV is written bẏ
Secondly, if there is ν ≤ β ≤ 2ν thenV is written bẏ
Thirdly, if there is 2ν < β thenV is written bẏ
shows that the system (3) has a practical stability by the proposed controller. Secondly, if there is µ < ε, thenV is given bẏ
By the β , (38) is classified by three classes and is repeated the similar process of (34), (35), (36) and (37). ThenV is shown bẏ 2 + 8γ 1 ε 2γ 1 thenV < 0. The system (3) has a practical stability by the proposed controller.
Simulation
Consider a 4-DOF SCARA manipulator. The problem is to design appropriate control (11) to track the desired trajectory x = l 1 * cos(1 − e In this simulation, we assume the lack of the knowledge of stiffness k ei and all masses. Hence, we shall treat these factors as the uncertainties. But, we know the bound of mass and don't know the bound of stiffness. The simulation results are shown graphically in Figs. 1-4. 
Conclusion
For a robot manipulator, we proposed the adaptive robust hybrid position/force control and analyzed the stability in the sense of Lyapunov. The adaptive algorithm has been constructed for the estimation of the bound of uncertainties. Unlike the previous work, these controller don't need the knowledge of the bound of uncertainties. For simulation, we showed the graphical results and assumed that the stiffness and mass are uncertainties.
